MODIS Level 1B Algorithm Theoretical Basis Document

MODIS Characterization Support Team

Jack Xiong, Gary Toller, Jungiang SiBrjan Wenny Amit Angal, and William Barnes

Version 4

Junel4, 208
(Appendices addedalfter 6.1 reprocessing, April 24, 20aidupdatecon May 8, 202D

Prepared For:
National Aeronautics and Space Administration



Table of Contents

1. INTRODUCTION

1.1 OVERVIEW

1.2 HISTORICAL PERSPECTIVE

1.3 DOCUMENT CONTEXT AND SCOPE
1.4 RELEVANT DOCUMENTS

2. INSTRUMENT DESCRIPTION

2.1 OVERVIEW

2.2 SOLAR DIFFUSER (SD) AND SOLAR DIFFUSER STABILITY MONITOR (SDSM)

2.3 ONBOARD BLACKBODY (BB)
2.4 SPECTRERADIOMETRIC CALIBRATION ASSEMBLY (SRCA)

3. CALIBRATION ALGORITHM FOR THE THERMAL
EMISSIVE BANDS (TEB)

3.1 PRELAUNCH CHARACTERIZATION AND CALIBRATION

3.2 ONORBIT CALIBRATION ALGORITHM

3.3 SPECIAL CONSIDERATIONS IN THE TEB CALIBRATIONMLGORITHM
3.3.1 Band21 Calibration

3.3.2 TerraMODIS PC BandsOptical Leak

3.3.3 AquaMODIS Bands33, 35,and 36 OrOrbit Calibration

3.3.4 Moon in the SV PORT

34 UNCERTAINTY

4. CALIBRATION ALGORITHM FOR THE REFLECTIVE
SOLAR BANDS (RSB)

4.1 PRELAUNCH CHARACTERIZATION and CALIBRATION

4.2 ONORBIT CALIBRATION ALGORITHM

4.3 RESPONSE VERSUS SCAN ANGLE (RVS)

4.4 SPECIAL CONSIDERATIONS IN THE RSB CALIBRATION ALGORITHM
4.41 SWIR Crosstalk Correction

4.4.2 B26 De Striping Algorithm

4.4.3 Aqua Band 6 Consideration

4.44 Moon in the SV Port

4 5UNCERTAINTY

5. LEVEL 1B DATA PRODUCTS AND CALIBRATION ALGORITHM
IMPLEMENTATION

5.1 L1B DATA PRODUCTS
5.2 L1B ALGORITHM IMPLEMENTATION
5.3 L1B DATA PRODUCT RETRIEVAL

6. SUMMARY

w NN R R

Boow

10

10
12
15
15
16
18
18
19

21

21
22
24
25
25
26
26
27
27

27

27
28
30

30



7. REFERENCES 31

8. APPENDIX A: MODIS SPECIFICATIONS AND DESIGN PARAMETERS 36
9. APPENDIX B: L1B TEB SCALED INTEGERS 37
10 APPENDIX C: L1B RSB SCALED INTEGERS 37
11. APPENDIX D: UNCERTAINTY INDEX IN THE L1B PRODUCTS 37
12. APPENDIX E: TERRA PV LWIR CROSSTALK CORRECTION 37
13. APPENDIX F: EARTH-VIEW BASED RVS FOR AQUA MODIS 41
14. APPENDIX G: TERRA MODIS SWIR IMPROVEMENTS 41
15. APPENDIX H: ACRONYMS AND ABBREVIATIONS 42
Figures

Figure 1 MODIS Scan Cavity and @Board Calibrators 5
Figure 2 Schematic of the Optical System 6
Figure 3 MODI S6 Focal Pl ane Assemblies: 6

Figure 4a The Primary Mirror Scan Angles of the Ground Calibration Sources, Space,

and Earth. 7
Figure 4b AOIs Corresponding Primary Mirror Scan Angles 8
Figure 5 MODIS RSB Calibrator: Solar Diffuser 9
Figure 6 Solar Diffuser Stability Monitor 9
Figure 7 OrBoard Blackbody Calibration Source 9

Figure 8 Spect&kadiometric Cabration Assembly 10
Figure 9 Blackbody Calibration Source (BCS) 11
Figure 10 Lunar Responses for Band 31 and 33 17
Figure 11 Band 35 Images Before and After PC Crosstalk Correction 17
Figure 12 Earth View RHance Uncertainties at a Typical EV Radiance 20
Figure 13MODIS Reflective Solar Bands Rl@unch Calibration Source: SIE®0 21
Figure 14 TEB L1B Flow Diagram 29
Figure 15 RSB L1B Flow Diagram 30
Tables
Table 1 MODIS Measured Characteristics 4
Table 2 L1B Uncertainty Index (Ul) Mapped to TEB Uncertainty in Percent 20

Acknowledgement: Truman Wilson contributed to theAppendix E, Terra PV LWIR Crosstalk
Correction



1. INTRODUCTION

1.1.Overview

The MODerateresolution Imaging Spectroradiometer (MODIS) is a key instrument for the
NASAOGs Earth Obs e andisubgequénsiydissionnTo Pl&net Earth (VHE)
programs The EOS was designed to provide global observations and scientific understanding of
land cover changes and global productivity, sea surface temperature, atmospheric and climate
changes, and natural hazardgohg et al., 200).

MODIS [Xiong et al.,, 2005a] is a passive imaging spectroradiometer with 490 detectors,
arranged in 36 spectral bands that are sampled across the visible and infrared spectrum. It is a
high signalto-noise instrument designed to satisfy a diverse set of oceanagregshestrial, and
atmospheric science observational needs. Thedalyr global coverage of MODIS, combined

with its continuous operation, broad spectral coverage, and relatively high spatial resolution,
makes the MODIS instruments central to the objecte s o f N an8 MDPEprograns

MODIS observations and science data products are applied to many of the areas identified as
EOS science topics, such as land surface composition, land surface biological activity, surface
temperature, snow and sea extent and character, ocean and lake physics and biogeochemical
activity, aerosol properties, and cloud properties. The MODIS fHiaibt Model (PFM) was
launched December 18, 1999 -board the Terra spacecraft in a 10:30 AM (local time,
descending nodedrbit. The Aqua Flight Model (FM) was launched onboard the Aqua
spacecraft into a 1:30 PM (local time, ascending node) orbit on May 4, 2002.

The MODIS devel opment was managed by NASAOGS
Greenbelt, Maryland. The ®IDIS instruments were designed, built, and tested by Raytheon /
Santa Barbara Remote Sensing (SBRS) in Goleta, California. The MODIS Characterization
Support Team (MCST), working under the direction of the MODIS Team Leader, is responsible
for the charactézation and radiometric calibration of the MODIS instruments [Xiong et al.,
2009. MCST developed the Level 1B (L1B) software that converts instrument response in
digital numbers (DN) to calibrated, gémcated top of the atmosphere (TOA) radiances for all
bands andzarthreflectance factors for the 20 reflective solar bands (RSBg. MI®DIS data
products provided by the MODIS Science Team support the Earth science community at large,
interdisciplinary investigators, and the MODIS Science Team members' own investigations.

1.2. Historical Perspective

The MODIS was designed to dorue global monitoring similar to the observations initiated

with the Nimbus 7 Coastal Zone Color Scanner (CZCS), the Advance Very High Resolution
Radiometer (AVHRR), the High Resolution Infrared Spectrometer (HIRS), the Landsat
Thematic Mapper (TM), anthe Orbview2 Seaviewing Wide Field of View Sensor (SeaWiFS).

The selection of MODIS spectral bands and the development of many of the MODIS science
data products rely on the experiences and lessons learned from predecessor missions. This
continuity allons many previously existing data records to be extended with improved coverage
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and quality.

New features incorporated into MODIS include a tbimus cloud detection channel, low gain
bands to detect surface fires, and high gain bands for ocean ¢hlibfymrescencdine height
discrimination. Additional information about the MODIS instrument development, MODIS
requirements, and program development is presented by Barnes et al [2003]. Key MODIS
specifications and design parameters are listed in Ajppdn

1.3.Document Context and Scope

This ATBD describes how MODIS operates in space and provides the equations implemented by
the L1B software to generate the MODIS MODO2 (Terra) and MYDO2 (Aqua) data products. It
is a summary document that presents the formulae and error budgets usesfaéontrd1ODIS

DN to radiance and reflectance. It describes the culi@aliection 6) postlaunch MODIS
calibration process and supersedes previous ATBDs [Barker et al. (V&)sia@94] [MCST
(Version 2), May 1997]MCST (Version 3), December 14, 2003nalysis of instrumental en

orbit performance by MCST and investigation of L1B products by the Science Team have
resulted in several L1B software updates and improvements. TIH&D Acorresponds to the
Version 60 Terra and Aqua software releasesor to 2006, the MCST and the Science Data
Support Team (SDST) provided software deliveries to the Goddard Distributed Archive and
Analysis Center (GDAAC). Subsequently, the MODIS Adaptive Processing System (MODAPS)
assumed the data production role formerly utadken by the GDAAC. Product files are
currently distributed using théevel 1 and Atmosphere and Archive Distribution System
available atttps://ladsweb.modaps.eosdis.nasa.gov

The MODIS calibrated data product results from the application of the formulae and the
determination of corresponding uncertainties described in this document and the referenced
support documents. The support documents present details of how the instdatzerire
transformed fromdigital counts to (1) reflectance factors and radiances for the reflective solar
bandsand (2) radiances for the thermal emissive bantsns (1) and (2) are the focus of this
document and of the dime production processingfefts. Changes in the center wavelengths

for the solar reflecting bands and relative spatial shifts for the pixels along scan and the bands
along trackare evaluated oftine by the MCST.

The instrument is described in section 2 of this document. Thedt#ration equations applied

by the L1B algorithms to the thermal emissive band (TEB) and the reflective solar band (RSB)
data are presented in sections 3 and 4, respectively. These sections also describe MODIS
instrumental effects handled within L1B dandiscuss the associated uncertainties in
Terra/MODIS and Aqua/MODIS processing. An overview of the L1B calibration algorithm is
given in section 5 and a summary follows in section 6.

1.4.Relevant Documents

Documents containing more complete derwmasi and explanations of the implementation of
2
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these algorithms include [EOS, 199MCST (1997)], [Guenther et al., 199¢]saacman et al.,
2003]and [Toller et al., 200&nd 2013. Prelaunch sensor characterization publications include
[GSFC, 1993], [BRS, 1993], [SBRS, 1994], [Guenther et al., 1995], and [Barnes et al., 1998].

The L1B approach to calibration is described in the MODIS Level iBranule Calibration

Code (MOD_PRO02) Higii.evel Design [MCST20123). Program file specifications and

metalata are described in the MODIS Level 1B Product Data Dictionary [M@&I2H. The

product format and the scaling algorithms used to generate the calibrated products are presented
in the MODIS Level 1B Product User's Guide [MCR0124. TheMCST website]MCST

Home Page, 2013jontains abundant Terra MODIS and Aqua MODIS mission information.

Data flow diagrams for the reflective solar and thermal emissive band algorithms, L1B input
files, data products, and a discussion of the dopkables (LUTs}hat provide the parameters
needed to generate L1B are summarizeldaacman, et al2003 DetailedLUT documentation

is also available from th®ODIS LUT Information Guide [MCST, 2012d] Solar and lunar
position vectors together with the MODIS geolomat product are used within the L1B
algorithm. A separate ATBD exists for the MODIS geolocation algorithms [Nishihama et al.,
1997].

2. INSTRUMENT DESCRIPTION

2.1. Overview

MODIS is a passive crogsack-scanning imaging radiometer designed to taeasurements in
spectral regions that have been included in a number of heritage sensors. MODIS uses a two
sided beryllium paddievheel scan mirror that continuously rotates at 20.3 rpm (a scan period of

1.478s per mirror side). The instrument field adwi(FOV) is +55 from the nadir. Viewing the

Earth from a swsynchronous near polar orbit at an altitude of 705km, the two sides of the scan
mirror alternately produce a swath of 2330km along scan by 10km (at nadir) along track. Both
Terra and Aqua MODISare able to provide negtobal coverage in 2 days, enabling

comprehensive sherand longt er m st udi es of the Earthoés | and,
MODI S [ Xiong et al., 2005a] has 36 spectral b
center wavedngth and bangass of each band were carefully selected to optimize measurements

of key features of the Earthos {1%and26 arethe an, é

reflective solar bands (RSB) that provide images from daylight reflected solatiomdand

bands 225, and 2736 are the thermal emissive bands (TEB) that provide day and night images
of thermal emissions. The measured characteristics in Table 1 can be compared to the MODIS
design specifications provided in Appendix A.

MODIS bandsl-2 have a nominal nadir resolution of 250m with 40 detectors per band along
track, bands ¥ have a nadir resolution of 500m with 20 detectors per band-talaelg and
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bands 836 have a nadir resolution of 1km with 10 detectors per band-tdacig Bamls 13 and

14 have 2 arrays of 10 aloiack detectors each, providing observations with high gain and low
gain through time delay and integration (TDI). Each sample for bands 13 and 14 combines the
responses from a pair of TDI detectors with their sigaaiplified through both high and low

gain amplifiers. Therefore, MODIS has a total of 490 detectors. For a 1km (along scan) by 10km
(along track) frame of data, each detector of the 250m resolution baBjitakes 4 samples and

each detector of the 500masolution bands ¢3) takes 2 samples. Thus there are a total of 830
samples for each frame. MODIS digitizes each samplebdl2solution. The average data rate
over an orbit is 6.1 megabits per second.

Table 1: MODIS Measured Characteristics. Note: The Terra SNR and NEdT are
for the initial ororbit operational configurationTerra A1 denotes the first period
when Terra operated using electronics side A.

RSB Cert r al Bandwidth Terra SNR Aqua SNR
BAND Terra, Aqua Terra, Aqua At Ltyp At Ltyp
nm nm
1 646.3, 645.8 47.8,47.2 186 193
2 856,5, 856.9 37.7,37.8 517 508
3 465.7, 466.1 18.6, 18.8 328 317
4 553.7, 553.9 19.7, 19.6 330 319
5 1242.3, 12415 23.5,22.8 161 149
6 1629.4, 1628.1 28.4,26.9 472 424
7 2114.2,2113.9 52.4,52.3 147 152
8 411.8,412.4 14.7,14.3 1097 1071
9 442.1, 442.2 9.6,9.6 1495 1400
10 487.0, 487.4 10.5, 10.6 1521 1311
11 529.7, 530.1 11.9,11.9 1604 1341
12 546.9, 547.2 10.2,10.3 1452 1172
13 665.6, 666.0 10.0, 10.0 1413 1165
14 677.0,677.6 11.3,11.2 1518 1271
15 746.6, 746.8 9.9,9.8 1519 1138
16 866.3, 866.9 155,155 1400 1062
17 904.2,904.4 34.7,34.6 379 373
18 935.7, 936.4 13.5, 135 76 91
19 936.2, 936.3 45.7,46.1 509 503
26 1382.3, 1382.3 34.6,36.4 230 282
TEB Central Bandwidth Terra NEdT (K) | Aqua NEdT (K)
BAND Terra, Aqua Terra, Aqua (Terra Al) (Aqua B)
nm nm

20 3788.3, 3780.2 187.5, 186.9 0.03 0.02
21 3992.2,3981.8 82.8,83.3 0.15 0.21
22 3972.0, 3972.0 86.1,85.4 0.02 0.02
23 4056.7, 4061.6 85.6, 85.3 0.02 0.02




24 4473.2, 4448.3 90.2,92.2 0.13 0.11
25 4545.4, 4526.3 91.1,90.4 0.05 0.04
27 6770.5, 6786.8 239.1,187.9 0.10 0.10
28 7342.9, 7349.3 320.6, 314.9 0.05 0.05
29 8528.7, 8555.3 344.1, 359.2 0.02 0.02
30 9734.1, 9723.7 297.2,301.1 0.11 0.07
31 11018.9, 11026.2 516.3,531.1 0.03 0.02
32 12032.1, 12042.3 520.7,521.5 0.04 0.03
33 13365.0, 13364.7 307.6, 310.9 0.13 0.08
34 13683.3, 13685.9 324.1, 341.7 0.23 0.12
35 13913.2, 13925.2 327.7,332.7 0.23 0.15
36 14195.6, 14215.2 284.9, 327.9 0.43 0.23

Figure 1 shows the MODIS scan cavity and theboard calibrators. The emoard calibrators
(OBCs) include a solar diffuser (SD) and solar diffuser stability monitor (SDSM), a blackbody
(BB) and a space view (SV) port, andpectreradiometric calibration assembly (SRCA).

On-Board Calibrators in MODIS Scan Cavity

Solar Diffuser (SD) Spectro-Radiometric
Calibration Assembly (SRCA
Solar Diffuser Stability i !
Meniter (=D=SM) V-Groove Blackbody (BB)
Scan Mirror
Spaceview (SV)
Primary Mirror L
J -/} Fold Mirror

Figure 1: MODIS scan cavity andtmoard calibrators

The optical system schematic is shown in Figure 2. The scan mirror reflects energy to the fold
mirror. The aft optics consist of a two mirror -@kis telescope, and a series of dichroic beam
splitters and band pass filters that separate the radiatioricamtfiocal plane assemblies (FPAS).
These are designated, according to their spectral regions, as: visible (VIS), near infrared (NIR),
short and middle wave infrared (SMIR), and long wave infrared (LWIR).
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The | ocations of the MODIS6 36 spectral bands
Figure 3. The detector numbering convention in Figure 3 corresponds to that of the MCST Level

1B processing and is calld fipr oduct order 0. Product order
buil der 6s ARnSBRS ordero detector numbering C
controlled by a radiative cooler to 83K during-orbit operation.

The MODIS detectors view the dooard alibrators through the same optical path as the Earth
observations, but at different viewing angles or at different angles of incidence (AOIs) to the
scan mirror. As the MODIS scan mirror rotates, each side scans the Solar Diffuser (SD), the
SpectreRadionetric Calibration Assembly (SRCA), the Blackbody (BB), the space view (SV),
and the Earth (EV)Figures 4a and 4b illustrate the scan angles and their corresponding AOlISs.
MODIS calibration corrects for a response versus scan angle (RVS) effect.

The VIS and NIR detector arrays are photovoltaic (PV) silicon hybrids that are operated at
instrument ambient temperature. The SMIR FPA uses PV HgCdTe hybrid arrays. The LWIR
FPA consists of PV HgCdTe detector arrays fo
photoconductive (PC) HgCdTe detectors for ban

The analog output signals produced by the PV FPAs are buffered and digitized in the space view
analog module (SAM). The signals produced by the PC detectors on the LWIR FPA-are pre
amplified by the cooler located amplifier module (CLAM) and then gasplified and digitized

by the forward viewing analog module (FAM). The digital outputs from the SAM and FAM are
formatted into science data packets by a formatter/processor in the main eleatrodids

(MEM). They are then buffered and sent to the spacecraft through -&n fiistt-out (FIFO)

buffer and fiber distributed data interface (FDDI) circuits.

sD

176.50 SRCA

-152.50
OnBoard
BB
-152.50
SV Port
-990
Earth Scan
Stop (East) Earth Scan
550 Start (West)
Lab SIS100 -550
in TV Lab BB
45° ' 450
NADIR

00

Figure 4a: The primary mirror scan angles of the ground calibration sources, space, and Earth.
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10.50

Earth s¢ap, Start
La
b </ 15‘50

Figure 4b: The angles of incidence (AOIs) corresponding to primary mirror scan angles for the
observed elements.

2.2. Solar Diffuser (SD) and Solar Diffusr Stability Monitor (SDSM)

The SD and SDSM shown in Figures 5 and 6 operate together as a system for calibrating the
reflective solar bands (RSB) with wavelengths from 0.41 tos2I8. The diffuser [
spacegr ade Spectr al on Egplastic fopnulatipnr of potytatrafiuoroettylerne m
(PTFE). The SD hdirectional reflectance factor (BRF) was characterizedlgarech with

National Institute of Standards and Technology (NIST) traceable reflectance standards. The SD
on-orbit degradation isracked by the SDSM during eagpriodic (initially weekly, currently

every 3 weeksgalibration sequence. The SDSM itself is a ratioing radiometer which monitors
onorbit SD BRF variation (degradation) by alternatively viewing diffusely reflected Sun light

from the SD panel and direct Sun light through an attenuation screen with a nominal 1.44%
transmission. The screen is used to keep the signals from the SD and sun view at nearly the same
level. The SDSM has nine filtered detectors embedded in a smallirsigigrating sphere (SIS)

that monitors the SD degradation in the wavelength range from 0.41 te 094 . The speci
MODIS RSB uncertainties are 2% reflectance and %% absolute radiance. The reflectance
calibration of the RSB from the SD measurersetdn be converted to a radiance calibration

based on published values for the solar spectral irradiance. Two illumination levels of SD
calibration are provided via a deployable 8.5% transmission screen. The screen must be in place
for calibrating the higlyain bands (B&6 for ocean color observations) since they saturate when

viewing direct sun exposure of the SD.



Figure 5: MODIS Solar Diffuser Figure 6: Solar Diffuser Stability Monitor

2.3. Onboard Blackbody (BB)

The thermal emissive bands (TEB) are calibrated by viewing thHeoard blackbody (BB)

which provides a known radiance source, and, subsequently, cold space through the Space View
(SV) port providing measures of the instrurhéhermal background and electronic offset. This
calibration is performed on a scan by scan basis. TH®ard blackbody, shown in Figure 7, is

a ffYyooveo device with known emissi vi-laupch( appr c
radiometric calibraon and characterization. Twelve thermistors embedded beneath the BB front
surface, measure the temperature of the BB each scan. The thermistors were calibrated pre
launch using NIST temperature standards. The BB temperature can be varied from the MODIS
scan cavity ambient of about 270K up to 315 K by means of electrical heating elements attached

to the back of the BB. This allows anr b i t checks of tliearity. TReB d et e
readings from the BB at any temperature in its operating range anesag by the instrument to
adjust the detectorsdé DC restore (DCR) in eac
electronic readout can be maintained.

Figure 7: OrBoard Blackbody Calibration Source
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Figure 8: Spectr&kadiometric Calibration Assembly
2.4. Spectreradiometric Calibration Assembly (SRCA)

The Spectraadiometric Calibration Assembly (SRCA) is depicted in Figure 8. It is primarily
used for spatial (all 36 bands) and spectral (R8#y) characterization. It also monitors
radiometric response changes (RSB onlyodnit. This device consists of a modified Czerny
Turner monochromator that includes a malddwen grating/mirror assembly, a filter wheel
assembly, incandescent sourcegluding a SIS with four 10W and two 1W lamps and a
separate IR source, and collimating optics located at the exit slit of the monochromator. In
spectral mode the SRCA is a monochromator while in spatial modes it becomes a transfer optic
by replacing the gting with a plain mirror [Young, 198h The SRCA spectral radiance is self
calibrated ororbit using known and praunch calibrated spectral peaks in a didymium glass
filter located at the exit slit of the monochrometer. In the spatial registration, rtia@entrance

port of the monochromator is open and the exit slit of the monochromator is replaced with
specially designed spatial reticles, one for along scan and another for along track [Young,
199%]. The images of the reticles are projected ontoMi@DIS FPAs to provide instrument
spatial registration information.

3. CALIBRATION ALGORITHM FOR THE THERMAL EMISSIVE BANDS (TEB)

3.1Pre-launch Characterization and Calibration (TEB)

Each of the MODIS instruments went through a serieprelaunch comprehensive, system

level, spatial, spectral, and radiometric calibrations and characterizations. The TEB radiometric
calibration was performed in a thermal vacuum (TV) environmentcawer the anticipated

range of ororbit operational conditions, rike different temperature plateaus (nominal, cold, and

10



hot) were used during instrument characterization and performance evaluation. Both primary and
redundant electronics configurations were tested during radiometric calibration. In addition,
different cdd focal plane assembly (CFPA) temperature set points were used to characterize the
TEB detectorsd response ¢ hlaumady eqipren dsedsferthe i t i v i
TEB calibration is a largaperture variablkéemperature blackbody calibrationusoe (BCS)

with an emissivity better than 0.9995 over the TEB spectral range. A photograph of the BCS is
shown in Figure 9. A space view source (SVS), similar to the BCS, operated at an extremely low
fixed temperature was used to simulate the deep spawe MODIS TEB prdaunch calibration

and characterization included deriving and ev
nortlinearity, noise characteristics, and skerim stability. Some of the parameters obtained
prelaunch are also usedfr t he i n sotbit aalibratiort ahd radcometric uncertainty
assessment.

Figure 9: Blackbody Calibration Source (BCS)

The temperature of ¢honboard BB, shown in Figure, ivas set at 290K (Terra) and 285K

(Aqua) during most of the calibration tests while the BCS temperature was varied from 170K to
340K. These tests were performed under a number of different operational conditions including
different instrument temperatures and different CFPA temperaturéstnideation of the on

board BB emissivity is one of the most important tasks to be completed in order to assure a high
quality prelaunch to ororbit radiometric calibration transfer. The BB emissivity for each

thermal emissive band is determined fromdhet ect or s® responses to th
same time.

The MODIS TEB calibration algorithm is based on a quadratic relationship between the
detectordés response and the input radiance |
derived from te prelaunch radiometric calibration are also used for the initialordoit
calibration. They are updated -onbit as needed. There are a number of improvements in the
MODIS FM1 design and its pfaunch TV radiometric calibration test procedure based on
lessons learned from the PFM TV tests. Both instruments were modified after TV system level
tests. The changes were made prior to launch, either to correct identified problems or to improve
the sensor sod per-faonchmoadibratien and charemgzationhdata. Pecaese of
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these changes, additional post launch efforts were required to assareitocalibration and
characterization quality.

MODIS uses a doubisided scan mirror to make observations of the Earth scenes in a +55° scan
angle rage about the nadir. For each mirror side, this (scan angle) range corresponds to 1354 EV
frames of data with angles of incidence (AOI) on the scan mirror ranging from 10.5° to 65.5°
(see Figure 4b). Since the sensor response changes with scan mirror &@aswtne calibration

i's performed at a single AOI, it 'S essentia
versus scafangle (RVS). For the Terra MODIS (PFM), there are no validlgarech RVS
measurements for the TEB. Initially, the Terra MODIEB RVS values were derived using

scan mirror withessample reflectance measurements (by the National Physical Lab, Great
Britain) and the coupling parameters derived from the Aqua MODIS (FM1) TEB RVS
measurements. Currently, the Terra MODIS thermal eveidsands use the RVS values derived
from onorbit deep space maneuvers [Xiong et al 2005a].

3.2 Onorbit Calibration Algorithm (TEB)

The MODIS TEB ororbit calibration is performed for each band, detector, and mirror side
during nominal operatiorniXiong, et al., 2002a]During MODIS onorbit nominal operation, the
blackbody temperature is controlled at 290K (Terra) and 285K (Adue.BB temperature

setting for each instrument corresponds to the BB temperature at which most of-ldgnenphe
calibration and characterizations were performed in the thermal vacuum environment.
Calibrationis scan angle dependent angbésformedon a scarby-scan basis. During each scan,

the sensor views the droard calibrator (OBC) blackbody (BB) at a knowemperature (or
radiance) and deep space through the instrument space view (SV) port to measure the
instrumentds ther mal background and el ectroni
are then used for the Earth view (EV) scene radiance rdtriBvare are 50 frames (samples) of

data collected in each scan when viewing both the BB and SV sectors. The instrument response
is provided in 1zbit digital numbers (DN). When the sensor views the BB via its scan mirror,
the total path radiance includdee radiance from the BB emissiontD, the radiance due to the

scan mirror emission gm) the scan cavity emission c(/lrv) reflected from the BB, and the
thermal background QRG). Thus the BB view path radianceBgLPatQ is

LBB_Path = RV Sy ~€py L+ (1 —RVS35) Lgpt
RVSpp -(1 = €55) - Ecup Ly + Lipgs (3.1)

where

L is the BB view path radiance.
BB_Path

RVSBB is the normalized system response versus scan angle when the sensor views the BB.
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0, is the emissivity of the BB.

UCAV
LBB is the radiance fim the BB emission.

is the emissivity of the scan cavity.

LSM is the radiance from the scan mirror emission.

LCAV is the radiance of the scan cavity reflected from the BB.

LBKG is the radiance from the thermal background.

The RVS for each band and mirror side was determinethpreh anchormalized to the value
at the BB view. The term (ERVSBB) is equivalent to the emissivity of the scan mirror at the BB

view angle. This term, in general, varies with the scan angle or the angle of incidence (AOI) to
the scan mirror. The cavity contrilben is reflected from the BB with a reflectivity of-ClBB).

This term becomes smaller with higher BB emissivity. For simplicity, we do not specify the
mirror side, the spectral band, and the detector indices throughout this algorithm derivation.

Similarl'y, when the sensor views deep space (fize
radiance can be expressed as,

LSV_Path =(1-RVSg)- Ly, + Lyye _ (3.2)
where

L is the SV view path radiance.
SV_Path

RVSSV is the normalized system response versus scan angle when the sensor views deep space.

st F)athincludes only a scan mirror term and the background term. Note that the scan mirror

terms in equation 3.1 and equation 3.2 are not the saneetem®VS is a foction of theAOl to
the scan mirror. The path radiance difference between equations 3.1 and 3.2 is related to the
sensorb6s response difference between the EV a

dngy =< DNy, > =< DN, > (3.3)

where<D|\E|;B>and<DNSV> represent the frame average of
response during each scan.

During the BB warrrup and colddown (WUCD) cycles, the BB temperature varies from
instrument ambient temperature (~270K) to 315K. This process startamittitial cootdown

from BB nominal operating temperature to the instrument ambient. During the wpapnocess,

a few intermediate temperature plateaus between instrument ambient and 315K are added,
all owing TEB detector s 0 eriooried at diiferest rramiencee ori z at |
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temperature levels. Once the BB temperature has reached 315K, a complete and continuous cool
down process is followed. Finally, the BB temperature is brought back to its nominal setting.

Using WUCD data, guadratic fitof BB path radiance difference vs. response differencBeBIdn
IS written as,
RVSy; ~6pp digy + (RVSg — RVS5) Lgs

+RVS gy (1= &43) Ecap " Leay = @y + by - dngg + a, - dniy . (3.4)

where a b1, and g are the quadratic polynomial coefficients. Note that we purposelyluse b
instead of ?in the calibration equatioto emphasize the eorbit scarby-scan computation of

the Ilinear coefficient from the sensB%,risﬁs res
computed wusing the Planck equation averaged
RSR &) .

> RSR(A)-Planck(2,T,; )

LBB(TBB): .
> RSR(A) (35)
where
> Iis the wavelength of the emission incident
RSR(®&) is the relative spectral response of t

Planck symbolizes the Planck black body equation.

Similar expressins apply to I§M and LCAV. The temperatures of the blackbody, scan mirror, and

instrument cavity are determined from the ins
Equation 3.4 is used to calculate the TEB calibration coeffici?nwrhich is he dominant term

in this quadratic algorithm. The offset and Aorear terms account for the fitting process
residues or errors and small detector-tinearities over the dynamic range. They are provided
in the LUTs with values determined from paginchcalibration and updated from -ambit BB
WUCD cycles.

Currently in the L1B algorithms (for both Terra and Aqua MODIS), Ertem is set to zero for

B33-B36. These bands typically view scenes at temperatures (see Table 1) much lower than the
B B 6 s stlambieat temperature of about 270K. Other parameters, such as emissivity, relative
spectral response (RSR) and response versusasggm (RVS), determined from plaunch
calibration, are also included in the L1B LUTSs.

The samequadratic algorithmapproach is used for the Earth view (EV) radiance retrieval
process. Using the sensorés EV and Space View
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RVS, 1Ley +(RVS, -RVS§, )ilgy =3 +b1dp, +2 ﬂqo (3.6)

where drévi s the sensorés EV r eE\§) With the average respanggitot a | n
the space view (<Dé\\l/>) from the same scan subtracted, that is,

dny, = DNp,—<DNg, > 3.7)

Once the EV radiance is retrieved, the tdghe atmosphere (TOA) brightness temperatof
the scene can be determined using the Planck equation.

3.3 Special Considerations in the TEB Calibration Algorithm

The TEB algorithm described above appliesbtith the Terra MODIS L1Band the Aqua
MODIS L1B. However, there are circumstances ttmhot work well with the general algorithm

that assumes all detectors are functional and that all bands behave similarly. In order to achieve
high quality calibration for all the bands, modifications are made to deal with cases that cannot
be calibratedvith the general algorithm.

Keeping separate L1B code for Terra and Aqua MODIS makes it easy to address the special
features in each instrument and to update the code and the LUTs for each sensor as required.
Special considerations are required for Hand 21 calibration (fire detection band), for the
algorithm to remove Terra MODIS phetoonduct i ve (PC) bandsd optic
used to retain the Aqua MODIS bands 33, 35, and 36rbm calibration when the blackbody
temperature is abovéir saturation limitsand for the presence of the moon in the SV.port

Most of these issues were identified from -fwench testing and characterized prior to the

i nstrument s érbitl chsermatiomse ontinueOto track the potential changes and to
monitor the performance of these special algorithms or approaches.

3.3.1 Band 21 Calibration

MODIS band 21 has low gain photovoltaic (PV) detectors with a specified center wavelength at
3.96¢em, a typical scene t e mpdeempetawre ef 500K. Th83 5 K,
mid-wave spectral band is used primarily for fire detection. At a typical blackbody temperature

of 285K for Aqua MODIS and 290K f %BrofB?aailsr a MOI

very small. The linear calibration coefficig bl, calculated from the ehoard BB, fluctuates

widely from scan to scan because of this low sigoadoise ratio. Thus, the general s¢arscan
calibration method cannot provide an accurate and stable calibration for B21.

Instead of computing B2@ain on a scaby-scan basis, a set of fixed linear coefficients is put
into a LUT and used in the L1B code for B21 calibration. These linear coefficients are monitored
and updated, if necessary, usingavbit scheduled3B WUCD cycles. B21 has less stringent
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calibration uncertainty requiremenihe offset and nonlinear terms of B21 have been set to zero
in the TEB calibration algorithm. Since the MODIS TEB calibration is detector and raid®r
dependent, there are 20 coetiais for the 10 detectors and two mirror sides (L1B did not apply
any mirror side difference in B21 prior to version 5). This fixed coefficient LUT approach is
specifically designed for B21, and used in both Terra and Aqua MODIS calibration.

3.3.2 TerraMODIS PC Bands Optical Leak

MODIS bands 3136 utilize photeconductive (PC) detectors located on the LWIR CFPA. The
other TEB bands use photovoltaic (PV) detectors. Duringlganech PFM instrument
characterization, an optical leak (or crosstalk) frBB81 to the other PC bands was identified.

This problem was verified earbit from Earth scenes and lunar observations. Examples of Terra
MODIS lunar view responses for band 31 and 33 are shown in Figure 10. The plot of band 31
response (detector 5) showsraooth profile. The response profile of band 33 shows a small side
peak that is due the optical leak from band 31 as discerned from the frame offset between the two
bands. The frame offset is related spectral band location on the focal plane (see)Figure 3

In order to remove the optical leak from the contaminated instrument responses (dn) for these PC
bands (bands 326) when the sensor views the BB and the EV sectors, a special correction
algorithm was developed and implemented in the Terra MODIS ddd®. It is designed to

make the correction by subtracting the contributions from band 31 into the other PC bands.

t
Assume dn is the correct response if there were no B31 optical Ieacokr: anthe response with
the optical leak, and xtaElagl_ 5 is the crosstalk coefficient from B31 to a given PC bark

crosstalk coefficients for each PC band are in the L1B f&fTon-board calibration and EV
retrieval The correction algorithm (using B32 as an example) is given by,

dngy, (F) = dnlgo;zt (F) —xtalky,; ,ps, - diigy, (F+ FOg;) g5,) (3.8)

where

cont
g (F) s the digital response for band 32 before correction for band 31 optical leak.

corr

dnps(F) s the digital response for band 32 after correction for band 32 optical leak
F is the data frame number.

FOgs1m3 is the data frame offset between band 31 and band 32.

xtalkps,ns is the optical leakage coefficient for band 31 into band 32.
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PFM Band 31 Ch. 5 SF 1 (2002210,/05:10) Moon View PFM Band 33 Ch. 5 SF 1 (2002210/05:10) Moon View

100 ~

dn

Figure 10: The Terra MODIS lunar response for B31 (left figure) and B33 (middle detectors
only). The Xaxis represents the tdaframe number, the-#xis is the scan number, and the Z
axis is the response (dn).

This correction is applied to B33 on a detectey-detector basis for both the BB calibration

and the Earth scene (pixey-pixel) retrievals. Figure 11 shows imadges band 35 with and
without the PC optical leak correction. Because of the lessons learned from Terra MODIS (PFM)
and subsequent improvements made in Aqua MODIS (FM1), there is no optical leak among

Aquads PC bands. Ther ef oy esed inttheeTerra ORI L1B or r e C
calibration algorithm.

Terra Band 35 %’13.9 ) Terra Band 35 513.9 Har)
2020078, 1835 T(K) 200Q078,1835
1010 255 1010
254
103G 753 103¢
g 2
T 252 7
~ 1050 ~ 1050
5 251 &5
= (=
1070 230 1070
249
109G 248 109Q
G660 680 700 720 740 G660 680 700 720 740
Scan Pixel Scan Pixel

Figure 11: Band 35 Images Before and After PC Crosstalk Correction.
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3.3.3 Aqua MODIS Bands 33, 35, and 36-0niit Calibration

On-orbit, the BB can be heated from instrument ambient t&K3However Aqua MODIS bands

33, 35, and 36 saturate before BB temperature reaches 319K saturation temperatures can
vary due to instrument background and DC Restore (DCR). When the BB temperature is above
the saturation limitghe scarby-scan cabration approach of equation 3.4 can no longer be used
for these three bands.

In order to keep Earth view data calibrated in this situatiorgvised algorithm was developed
and implementedor Collection 6.To account for the CFPA temperature fluttoa and to
minimize the uncertainty in the estimation of the defauwlttite new algorithncalculates the
CFPA temperature dependent defdmlto calibrate these bands whege>Tsa: The algorithm is
based on the linear relationship betweeratdthe LWIR CFPA temperaturéor bands 33, 35,
and 36.The default bis calculated by

b1 = bivaseling.ut [1 + CiLuT (TLwir - T baseline,LUD],

where he LWIR FPA temperature.vir is measured scaoy-scan Other inputs to the L1B code
are providedy aset of LUTSs, including

i cu is the rate of change of relative &s a function of LWIR FPA temperature; is
calculated for each BB WUCD event through the fitting oaibd T.wir to a set of three
orbit dat prior to the BB WUCD;

T Thaseline IS @ baseline LWIR FPA temperature estimate and is currently set at 83K for
Bands 33, 336;

bivaseiine The hnaseinecoefficient is the supposed boefficient when the LWIR temperature is
Thaseline D1baseiinels catulated for each BB WUCD event through the fitting ofabd Towir to a

set of threeorbit datn prior to the BB WUCDIhree sets of LUTs are used by L1B to calculate
the calibration coefficients fdsands33, 35, and 36 during the saturation periods. ThésEs

are updated, when necessary, with the most receothiindetector responsé&he saturation
temperatures for these bands are in a LUT that is updated as needed h&t&d®data.

3.3.4 Moon in the SV Port

Typically, the SV signal is subtractexs in equation 4.3. However, the SV digital counts are
unreliable if the Moon is in the SV potrior to 9/11/02 such data wéllagged as unusable.
Subsequentlyl.1B was upgraded to handle this eventihgluding onlya specified number of
the dimmest frames in the calculation of the average backgréu@Qd\ flag is set for the scan
whenever this is done, and a metadata fiepbrts the percentage of pixels affected.

3.4 Uncertainty (TEB)

MODIS L1B data products sb include uncertainty indices that are computed for all pixels. The
18



TEB uncertainty algorithm is based on the-avbit calibration and scene radiance retrieval
equations. It calculates the uncertainty usingodsit observations and some input parameters
determined from praunch calibration and characterizatiomhe TEB calibration total
uncertainty can be computed by combining the contributions from all the factors involved in the
calibration and retrieval. In order to establish an uncertainty coeifitoe each term, a partial
derivative with respect to each individual term is calculfiféenny et al. (2012)]

In collection 6, the uncertainty components were broken down intmd#tibuting factorsThe
total TEB uncertainty is expressedequation3.9.

2 2 9 2 2 2 2 9 2 2 2
ggl-ev‘aog +g§“-sv‘ 8 ge LEV‘Rng g %jLEV‘RstV 8 +%1LEV‘eBB 8 aQLEV‘eW 8 +ad|-5v‘/ 8
dLEV‘ - |5 (? Ley 9 ge Ley 9 ge Ley (_) g& Ley 9 E}e Ley 9 83 Ley 9 (?LEV 9 (39)
L T 2 ad 2 ad 2 9 2
= I +g'1dLEV TBB 8 Eap ‘Tsmo +EP LEV‘Tcavg g’: ‘dms 0 + B LEV‘drE 8 ggLE blsz: 0 +a: LEV‘PCX( 832-3) 8
x® | 0 @& | 0 L 0 @& | 0 @& | 0 & | 0 & | 0
¢ v T ¢ v % g & f ¢ BV T ¢tV T ¢ FEV ¢ EV =

The steps used to determine the individual uncertainty factors based on equation 3.9 are
described by Madhavan et al. (2013).

Figure 12 illustrates some of the individual uncertainties and the total Earth view radiance
uncertainty determined from the individual contributions at a typical EV radiance. Table 2 shows
the relationship between the Uncertainty Index (§8aling factoroutput in the L1B dat#ésee
Appendix D)and the percent uncertainty (radianie)the MODIS TEB.
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Figure 12: Earth view radiance uncertainties at a typical EV radiance.

Table 2. L1B Uncertainty Index (Ul) mapped to TEB absolute uncertainty in percent

Bands
Ul Band 20 | Band 21 |22-25,27- | Bands
30,33-36 |31,32
0 0.56 250 0.50 038
1 0.69 321 0.64 0.48
2 0.84 412 0.82 0.62
3 1.02 329 1.06 0.79
4 1.25 6.80 136 1.02
5 1.53 8.73 1.75 1.31
6 1.87 11.20 2.24 1.68
7 2.28 14.39 2.88 216
g 2.79 18.47 3.69 2.77
9 3.40 23.72 474 3.56
10 416 30.46 6.09 457
11 5.08 39.11 7.82 587
12 6.20 50.21 10.04 7.53
13 757 64.48 12.90 9.67
14 9.25 82.79 16.56 12.42
15 S 1130 | 210630 |=2126 |=1595

4. CALIBRATION ALGORITHM FOR THE REFLECTIVE SOLAR BANDS (RSB)

4.1 Pre-launch Characterization and Calibration (RSB)

Prelaunch, the MODIS reflective solar bands,-Bd and 26, were calibrated using -angter

diameter spectral integrating source (&[®), shown in Figure 13. The combination of different

lamps of the SIS00 provided numerous radiance levels, allowing theasurement of each

RSB detectords response, d y-to-@oise ratio (SMR). Adéinear n o n | i
fit of dn vs. radiance was used for the RSB-lprench radiometric calibration. The S190
measurements were performed at the three BWfument temperature plateaus using both the
primary and redundant ewoard signal control and data acquisition electroniessigbems. This

data was used to characterize system response to changes of the instrument temperature. Because
the VIS and NIR FPA are not actively controlled, their temperatures are closely coupled with

(or correlated to) the instrument temperature. Otherlguiech activities included RVS
characterization and polarization sensitivity measurements.
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Figure 13: MODIS reflecte solar bands priaunch calibration source: SIB0

The onboard SD panel, shown in Figure 5, is made from sgaage SpectraloTr'\{I with a near
Lambertian reflectance profile in the VIS/NIR/SWIR regions. The SBireictional reflectance

factor (BRF)was carefully characterized plaunch by the instrument vendor using a scattering
goniometer in a comparison mode with reference samples traceable to reflectance standards at
the National Institute of Standards and Technology (NIST). The SD BRF meantsenere

made at 400nm, 500nm, 600nm, 700nm, 900nm, and 1700nm overdinmemsional grid of

nine directions of incidence, a combination of 3 elevation and 3 azimuth angles. The incident
directions to the SD were chosen to cover the anticipated rangedhht be observed during
onorbit calibration. The viewing direction of the scan mirror to the SD was fixed during these
tests. Additionally, the BRF at 2100nm was indirectly derived from the SD BRF at other
wavelengths and total integrated scatteringsusaments of reference samples. A set of second
order polynomials with a functional dependence on the incident direction to the SD described by
solar zenith angle d and sol ar alaunadnmeabured ngl e
BRF values. For e&acRSB, a second order polynomial was interpolated from the surface fits at
surrounding wavelengths.

4.2 Onorbit Calibration Algorithm (RSB)

Based on the desire of the MODIS science community, the top of the atmosphere (TOA) scene
reflectance factowas chosen as the primary L1B data product for the MODIS reflective solar
bands (RSB). The earbit calibration of the reflectance factor [Xiong et al., 2002b] is based on
sol ar observat i on-board sokar diffusex (SD)n st r ument 6s on

Usingasnpl e | inear algorithm, t heEVcE)asE\r/Q,tirfrrelatedtew (EV

A

the detectords response by

(4.2)
where
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